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Analysis  of  carbon  and  water  budgets  in  cropping  systems  is important  for  understanding  the  impacts
of  different  management  practices  and  meteorological  conditions,  in the context  of  climate  change,  on
agriculture.  We  have  established  a pair  of long-term  eddy  covariance  ﬂux towers  at the  R.  J. Cook  Agron-
omy Farm (CAF)  near  Pullman,  Washington,  US. The  tower  sites  have  similar  crop  rotation,  weather
conditions,  and  management  practices  except  tillage.  One  site has  been  under  no-till  management  (CAF-
NT) since  1998,  while  the  other  site  has  used  conventional  tillage  practice  (CAF-CT)  over  the  same  time
period.  Measurements  conducted  above  a garbanzo  bean  crop  (Cicer  arietinum)  between  October  2012
and September  2013  showed  the  CAF-NT  site  was  close  to CO2 neutral  with  an  annual  cumulative  net
ecosystem  exchange  of CO2 (NEE)  of  −20 ± 38  g C  m−2. By  contrast,  the  CAF-CT  site was a  CO2 source
with an  annual  NEE  of 117  ±  39  g C m−2 during  the  same  time  period.  The  annual  NEE  values  at  each  site
were  signiﬁcantly  different  (p < 0.05).  When  carbon  losses  via  harvest  export  were  taken  into  account,
the  net  rates  of  carbon  loss  from  each  ecosystem  to  the  atmosphere  were  32 ± 50 and  178 ± 48  g C  m−2
for  CAF-NT  and  CAF-CT,  respectively,  indicating  CAF-NT  was  close  to carbon  neutral  and  CAF-CT  was  a
net  carbon  source  during  the measurement  period.  Partitioning  of NEE  into  gross  primary  productivity
(GPP)  and  total  ecosystem  respiration  (Reco) shows  that the annual  cumulative  GPP of  each  site  did  not
differ  much,  but  CAF-NT  had  lower  annual  cumulative  Reco compared  to CAF-CT  during  the  period  of
October  2012–September  2013.  Water budget  analyses  presented  similar  magnitudes  of  annual  sums  of
evapotranspiration  (ET), 425  and  416  mm  for CAF-NT  and  CAF-CT,  respectively.  ET was  partitioned  into
evaporation  (E) and  transpiration  (T) for both  sites,  and  CAF-CT  had a larger  fraction  of annual  E  compared
to  CAF-NT  during  the  measurement  period.  Relationships  between  carbon  and  water  ﬂuxes  were  inves-
tigated,  and  for the  period  of  October  2012–September  2013,  high  correlations  were  found  in GPP vs.  T
and  NEE vs.  ET at both  sites.  In summary,  the  site  deploying  no-till  practices  had  lower  total  ecosystem
respiration  and  evaporation  throughout  the measurement  period,  more  net carbon  uptake and  a  greater
ratio  of  transpiration  over  evapotranspiration  (T/ET)  during  the  growing  season.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. IntroductionGlobal food demand is predicted to increase 100% by 2050
Tilman et al., 2011), thereby increasing demands from ecosystem
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
services including agricultural production and natural resources.
Bondeau et al. (2007) assessed the role of agriculture for the global
terrestrial carbon balance using a dynamic global vegetation model
and estimated ∼24% and ∼10% reduction in global vegetation and
soil carbon respectively due to agriculture for the 20th century.
Agricultural activities contribute directly to greenhouse gas (GHG)
emissions (CO2, N2O, CH4) through a variety of processes, including
ruminant livestock, rice cultivation, tillage practices, fertilization
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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nd ﬁeld burning of biomass residues. However, croplands can also
unction as a carbon sink depending on crop species, soil types,
eteorological conditions and management practices. Agriculture
rops cycle large amounts of CO2 by consuming CO2 via photosyn-
hesis to produce food, seed and ﬁber (Running et al., 2000; Snyder
t al., 2009). Eventually all of the plant products convert back to
O2 when consumed or decomposed. Smith et al. (2008) estimated
hat by 2030 the global GHG mitigation potential from agricul-
ure will be approximately 5500–6000 Mt  CO2-eq. yr–1. Therefore, a
omprehensive understanding of carbon cycling in the agricultural
cosystems is crucial for mitigating GHG emissions from croplands.
No-till practices can reduce wind and water erosion, thus hold-
ng more soil organic carbon (SOC) and water in the soil to maintain
nd improve soil quality (Huggins and Reganold, 2008; Sauerbeck,
001; West and Post, 2002). This is especially important in the
nland Paciﬁc Northwest (iPNW) region, because soils in the iPNW
re vulnerable to wind erosion particularly in the low-precipitation
reas and under intensive tillage conditions (Schillinger et al.,
007). For these areas, more than 50% of SOC has been lost after
onversion of native sites to cultivation due to wind erosion and
xidation (Purakayastha et al., 2008). According to Schillinger et al.
2007), under no-till practices, SOC increased linearly each year at
he soil surface and accumulated at a slower rate at deeper layers
uring an 8 year study in the iPNW region. By providing potential
ong-term carbon sequestration and protection against soil erosion
y wind and water, the conversion from conventional tillage to no-
ill is predicted to increase SOC storage in the top 30 cm of soil in the
PNW region (Purakayastha et al., 2008) and has been accepted as
ne of the strategies to increase the soil carbon pool and therefore
ffect global climate change and food security (Lal, 2004).
No-till practices can reduce soil CO2 emissions and evaporation
n agricultural ecosystems (e.g. Feiziene et al., 2011; Gajri et al.,
992; Hu et al., 2013; Jabro et al., 2008; Kocyigit and Rice, 2011; Liu
t al., 2013; Rastogi et al., 2002; Ward et al., 2012). The reduced soil
O2 emissions under no-till conditions are primarily due to sev-
ral biological and physical factors: the less disturbed soil keeps
OC unexposed (Rastogi et al., 2002), improves aggregate structure
nd microbial carbon source utilization efﬁciency (Aziz et al., 2013;
u et al., 2013), and limits the gas diffusion from the soil to the
tmosphere due to high bulk density (Ball et al., 1999; Regina and
lakukku, 2010). In addition, the undisturbed crop residue layer
nder no-till conditions serves as a barrier to reduce both soil res-
iration and evaporation (e.g. Al-Kaisi and Yin, 2005; Regina and
lakukku, 2010; Salado-Navarro and Sinclair, 2009; Van Wie  et al.,
013).
Tillage effects on soil CO2 emissions have been quantiﬁed
hrough chamber-based ﬁeld measurements as reported in the
bove studies. However, other carbon and water ﬂuxes, such as
otal ecosystem respiration (including both ﬁeld-scale soil and
lant respiration), can be affected by different soil conditions, and
hese ﬂuxes cannot be characterized by chamber measurements. In
he study reported herein, we used the eddy covariance technique
o make ﬁeld-scale measurements of net ecosystem exchange of
O2 and evapotranspiration, coupled with partitioned estimates
f total ecosystem respiration, gross primary productivity, evapo-
ation, and transpiration in order to assess the overall impacts of
illage practices on carbon and water dynamics at two  cropping
ystems in the iPNW region.
During the past decade, EC measurements of GHG emissions
ave been reported for winter wheat by Gilmanov et al. (2003),
nthoni et al. (2004), Moureaux et al. (2008), Dufranne et al. (2011),
chmidt et al. (2012), and Billesbach et al. (2014), as well as for some
ther crops by Gilmanov et al. (2014), Saito et al. (2005), Lohila et al.
2004), Verma et al. (2005), and Hollinger et al. (2005). These stud-
es were carried out in the Southern Great Plains, the North Central
egion, and areas of the Midwest of the US, Germany, Belgium,eorology 218–219 (2016) 37–49
Finland, and Japan, where the climate conditions are very differ-
ent from the iPNW region. In addition, there is a lack of carbon
and water budget measurements using EC over spring garbanzo
beans, based on the reviews by Gilmanov et al. (2014) and Ceschia
et al. (2010). Also based on Baldocchi (2014), the use of paired eddy
covariance ﬂux towers has been identiﬁed as powerful tools and
will be in great need for investigating the impacts of different agri-
cultural management practices (no-till vs. conventional tillage in
this paper) at ﬁeld scale in the future. To our knowledge, this paper
and its companion (Waldo et al., 2016) are the ﬁrst EC studies over
a wheat-based cropping system (wheat rotated with other crops,
e.g. spring garbanzo in this study) in the iPNW region, and this
paper is the ﬁrst comparison study of tillage vs. no-till practices
using EC measurements to assess carbon and water budgets. This
paper addresses the following objectives using EC techniques: 1)
to quantify carbon and water ﬂuxes for two  agricultural sites (one
no-till and one conventional tillage) with spring-garbanzo beans
(Cicer arietinum)  planted during 2013; 2) to compare carbon and
water budgets between no-till and conventional tillage sites; 3) to
investigate relationships between carbon and water ﬂuxes in these
two cropping systems; and 4) to consider the implications of annual
carbon budgets for long-term carbon storage.
2. Methods
2.1. Site description
The Washington State University Cook Agronomy Farm (CAF,
46.78◦N, 117.09◦W,  800 m above sea level) was established in 1998
as a long-term, precision farming research site located near Pull-
man, Washington, in the iPNW region of the United States. This site
was zonal xeric grassland or steppe (Kovar-Eder et al., 2008) before
conversion to agriculture. The climate type of CAF is a Mediter-
ranean climate with a mean annual temperature of 9 ◦C and annual
precipitation of 550 mm (averaged based on the historical records
from 1981 to 2010, Palouse Conservation Field Station, National
Climatic Data Center, NOAA). CAF is in the high rainfall zone of the
iPNW region and the soil type is classiﬁed as Mollisols with the soil
texture of silt loam (Naff, Thatuna and Palouse Series) (Soil Survey
Staff, 1999; Web  Soil Survey, 2013). Continuous dryland crops have
been farmed at CAF. CAF is a wheat-based cropping system where
crop rotation consists of winter wheat and spring crops (spring gar-
banzo beans in this study) such that spring crops are planted into
winter wheat residue.
Two EC ﬂux tower systems were deployed at CAF as shown
in Fig. 1 as part of the Regional Approaches to Climate
Change (REACCH) USDA-supported research program (https://
www.reacchpna.org/). Both sites had the same crop rotation, win-
ter wheat (Triticum aestivum), spring garbanzos (Cicer arietinum),
during the growing periods of 2012 and 2013; but one site has been
in continuous no-till management (CAF-NT) since 1998 while the
other site has been in conventional tillage practices (CAF-CT) for the
same time-period. After harvesting of winter wheat in August 2012,
the crop residues were retained in the ﬁeld at both sites and CAF-CT
was tilled with chisel plow to a depth of about 0.15–0.2 m in the fall
of 2012. Both the CAF-NT and CAF-CT were seeded for garbanzos
(rate: 168 kg/ha) on May  2, 2013, reached full senescence around
August 22 and were harvested on September 15, 2013. Before seed-
ing, CAF-CT was  cultivated with harrow to a depth of 0.05–0.08 m
while CAF-NT was no-till planted. No fertilizers were applied at
either site during the garbanzo growing season of 2013.2.2. Meteorological and eddy covariance measurements
Meteorological variables averaged over 5- and 30-min inter-
vals are simultaneously recorded at both sites, including air
J. Chi et al. / Agricultural and Forest Met
Fig. 1. Location, measurement footprint (white circles, ∼100 m radius) and soil
types of eddy covariance ﬂux towers at CAF (modiﬁed from Web  Soil Survey). The
northern site is a no-till farm (CAF-NT) and the southern is a conventional tillage site
(CAF-CT). The wind rose plot was based on wind direction measurements (plot scale
represents percentage ranging from 0% to 20%) at CAF-NT from October 1, 2012 to
September 30, 2013; CAF-CT had similar results (not shown here). Wind rise plot
shows that predominant winds are from the east. Numbers in the soil map  represent
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(Tair) rather than soil temperature (Tsoil) was  used in this modelifferent soil types. Soil types within the ﬂux tower footprint are Naff silt loam (59),
alouse silt loam (65) and Thatuna silt loam (104).
emperature, relative humidity (HMP155A, Vaisala Inc., San Jose,
A, USA), net radiation (NR-Lite2, Kipp&Zonen, Delft, Netherlands),
hotosynthetically-active radiation (PAR) (LI190SB quantum PAR
ensor, LI-COR Biosciences, Lincoln, NE, USA) at the height of 2 m,
ind speed and direction at the height of 3 m (Met One 034B
indset, Met  One Instruments, Grants Pass, OR, USA), and soil
emperature and moisture at the depth of 0.05, 0.18 and 0.3 m
5TM Water Content and Temperature Sensors, Decagon Devices,
ullman, WA,  USA). Precipitation data are from the Pullman 2
W station (Palouse Conservation Field Station, National Climatic
ata Center, NOAA, 2014 46.76◦N, 117.19◦W,  767 m above sea
evel) located 8 km southwest of the research sites. Soil heat ﬂux
HFP01SC, Hukseﬂux Thermal Sensors, Delft, Netherlands) was
nly recorded at the depth of 0.08 m at CAF-NT since May  2012.
C systems continuously measure the net ecosystem exchange
f CO2 (NEE), evapotranspiration (ET), and sensible heat ﬂux (H)
etween the atmosphere and the agricultural ecosystems. Key
nstrumentation for the EC ﬂux system installed at a height of 2 m
onsists of a three-dimensional ultrasonic anemometer (CSAT3A
D Sonic Anemometer, Campbell Scientiﬁc, Inc., Logan, UT, USA)
nd a fast-response infrared gas analyzer (IRGA, EC150 CO2 and
2O Open-Path Gas Analyzer, Campbell Scientiﬁc, Inc., Logan,
T, USA). Measurements are made at 10 Hz frequency and pro-
essed as described below to generate 30-min average time series
ata.
.3. Data processing
.3.1. Flux calculation and quality control
A data-processing scheme is described in greater detail in Waldo
t al. (2016). Brieﬂy, LI-COR EddyPro® software (Version 4.2.0, LI-
OR Biosciences, Lincoln, NE, USA) was used to compute ﬂux data.
he EddyPro results were further evaluated and data were ﬂagged
hat did not meet quality assurance/quality control (QA/QC) crite-
ia established for parameters including instrument signal strength
i.e. insufﬁcient power), turbulence levels, and wind directions.
nce the ﬂuxes were computed, gaps in the time series data were
lled based on methods described in the next section.eorology 218–219 (2016) 37–49 39
2.3.2. Gap-ﬁlling methods
Typically about 40% of an annual dataset is ﬁltered out after
applying the QA/QC criteria to a 30-min interval time series data
of NEE, ET, and H (Moffat et al., 2007). However, daily and annual
sums of NEE and ET cannot be accurately integrated from these frag-
mented datasets. Therefore, gap-ﬁlling techniques are necessary
for estimating carbon and water budgets for agricultural ecosys-
tems. The Campbell Scientiﬁc data logger used for the 10 Hz data
acquisition processes coarse ﬂuxes online and in real time (CR3000,
Campbell Scientiﬁc, Inc., Logan, UT, USA). The ﬂuxes are consid-
ered coarse compared to EddyPro-processed ﬂuxes because the
Campbell real time programs do not apply coordinate rotation
and spectral corrections (low and high frequencies) to the data.
However, gaps in the EddyPro-processed ﬂuxes were initially ﬁlled
using the real-time Campbell-computed ﬂux data that were ﬁl-
tered by the same QA/QC criteria as the EddyPro-processed ﬂuxes
(Waldo et al., 2016). Wherever the Campbell-computed data were
not available, NEE data were gap-ﬁlled using a non-linear regres-
sion (NLR) technique (Section 2.3.2.1) and gaps in ET and H time
series data were ﬁlled by the mean diurnal variation (MDV) method
(Section 2.3.2.2).
2.3.2.1. NEE gap-ﬁlling and partitioning. Before gap-ﬁlling the half-
hourly time series of NEE data, gaps in the meteorological data were
ﬁlled using available measurements from a nearby weather station
(Pullman NE station, AgWeatherNet, Washington State University,
2014). Daytime and nighttime NEE were ﬁlled separately with
nighttime NEE equaling total ecosystem respiration (Reco) due to
the absence of photosynthesis while daytime NEE is the difference
between Reco and gross primary productivity (GPP) (Eq.(1)). Night-
time is deﬁned as timeperiods when solar radiation is less than
1 W m−2.
NEE =
{
Reco nighttime
Reco − GPP daytime
(1)
The micrometeorological sign convention was employed during
this study such that ﬂuxes from the atmosphere to the surface are
negative and vice versa.
Non-linear regression (NLR) has been widely used and has
shown good performance in gap-ﬁlling NEE data, especially for
hourly and daily daytime NEE ﬂuxes (Desai et al., 2008; Falge et al.,
2001; Moffat et al., 2007; Schmidt et al., 2012). The NLR method
used in this study is mainly based on two  non-linear equations
(Eqs. (2), and (3)) which explain relationships between CO2 ﬂuxes
and air temperature (Tair) and photosynthetic photon ﬂux density
(PPFD). Since managed croplands have large seasonal variability
of carbon uptake (Falge et al., 2002), and the decreases in both
leaf dark respiration in the daytime and the estimated GPP are not
signiﬁcantly large (Wohlfahrt et al., 2005), we assumed both day-
time and nighttime Reco have the same temperature dependency
on respiration. Reco is calculated based on the exponential equation
(Eq. (2)) that shows the relationship between the total ecosystem
respiration and air temperature (Lloyd and Taylor, 1994):
Reco = Rref · exp(E0
(
1
Tref − T0
− 1
Tair − T0
)
) (2)
where Reco (mol  m−2 s−1) is the sum of autotrophic (e.g. crops) and
heterotrophic (e.g. soil organisms) respiration, Rref is the respiration
rate at reference temperature Tref (K), E0 (K) is the activation energy
expressed in temperature scales, and T0 is the base temperature
set to 227.13 K (Richardson and Hollinger, 2005). Air temperaturebecause Tsoil data for the measurement period were incomplete.
To understand the implications of using Tair, we used the available
soil temperature at 5 cm depth (March–August, 2013) at CAF-NT for
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he NLR method and found slightly better reproduction of the mea-
ured CO2 ﬂuxes, with higher correlation coefﬁcient (0.83 vs. 0.77)
nd lower root mean square error values (2.58 vs. 3.14) than using
he air temperature. On this basis, it appears Tair is an acceptable
easure for the gap-ﬁlling process.
Parameters of Rref and E0 were derived by ﬁtting Eq. (2) to the
vailable nighttime NEE vs. nighttime air temperature data using
rdinary least squares (OLS). This involved deriving Rref by keeping
0 constant at 270 K (Schmidt et al., 2012). A moving window of
ve days with one day time-shifts was applied to this OLS deriva-
ion to obtain a time series of Rref in daily intervals. Similarly, E0
as ﬁtted using the derived Rref. Fitting the parameters one at a
ime guarantees that the parameter of temperature sensitivity (E0)
s within an acceptable range so that the temperature-dependent
arameter (Rref) can be derived more easily (Reichstein et al., 2005;
chmidt et al., 2012). Where there were gaps in the daily time series
f Rref and E0, linear interpolation was used to develop a complete
aily time series of Rref and E0. After this, the 30-min time series of
ref and E0 were calculated by linear interpolation and ﬁtted with
q. (2) to obtain a complete half-hourly time series of Reco. Finally,
issing and negative values in the nighttime NEE were gap-ﬁlled
nd replaced using the calculated Reco.
After gap-ﬁlling the nighttime NEE, gaps in daytime NEE were
lled by modeling GPP values. According to Monteith’s logics of
adiation use efﬁciency, GPP was determined as a function of PPFD
xpressed as a nonrectangular hyperbolic relationship (Gilmanov
t al., 2003; Monteith, 1972; Monteith, 1977; Rabinowitch, 1951)
Eq. (3)):
PP = 1
2
(  ˛ · PPFD + Amax−
√
(  ˛ · PPFD + Amax)2−4˛Amax · PPFD)
(3)
here  (0 ≤  ≤ 1) and  ˛ (the apparent quantum efﬁciency,
mol  mol−1) are the curvature and initial slope respectively of
 light response curve, and Amax (mol  m−2 s−1) is the maximum
apacity of photosynthesis which is affected by mesophyll conduc-
ance to CO2 (Montpied et al., 2009).
Since , ˛, and Amax vary with time, time series of these three
arameters in daily intervals were derived by simultaneously ﬁt-
ing them to GPP (sum of available daytime NEE and Reco) vs. PPFD.
he same moving window length and time-shifts were applied in
his GPP model and the implausible values were rejected based on
ifferent seasonal limits. Amax was rejected if it exceeded the sum of
he absolute value of the largest nighttime and daytime CO2 ﬂuxes
or each 3-month period. Again, half-hourly time series of , ˛, and
max were derived by linear interpolation and these parameters
ere subsequently used in Eq. (3) to calculate GPP values. Deriving
arameters from daily intervals to 30-min intervals accounts for
ay-to-day variations, as , ˛, and Amax can vary within a day. Gaps
n the daytime NEE were ﬁlled with Reco minus the modeled GPP.
here there were no gaps in the NEE measurements, GPP was cal-
ulated as NEE minus Reco, so in other words, the modeled GPP was
ot used. After the NLR gap-ﬁlling steps, complete half-hourly time
eries of NEE, Reco and GPP were integrated into daily and annual
ums (units in g C m−2 d−1 and g C m−2, respectively) for the beneﬁt
f the carbon budget analysis (seeSection 3.3).
.3.2.2. ET gap-ﬁlling and partitioning. Half-hourly time series data
f ET and H were gap-ﬁlled using the mean diurnal variation (MDV)
ethod. MDV  is a simple interpolation technique that uses the
oving averages of the adjacent 10 days to ﬁll the missing ET val-
es at the exact same time of day (Falge et al., 2001). Iterations of
DV were performed until the time series data were fully ﬁlled.
fter this, the half-hourly gap-ﬁlled ET (mmol  m−2 s−1) data were
ntegrated into daily intervals (mm  d−1) and annual sums (mm).eorology 218–219 (2016) 37–49
Partitioning of evapotranspiration (ET) into evaporation (E) and
transpiration (T) was  performed based on the fact that transpiration
and carbon uptake by crops occur simultaneously. The ﬁrst step in
ET partitioning is to estimate T using Eq. (4) (Campbell and Norman,
1998):
GPP
T
= kCca − Cci
s − a (4)
where k (k = gc/gv) is the ratio of carbon conductance (gc) over water
conductance (gv) through the plant leaf stomata. Since carbon and
water are transported through diffusion and convection, k = 0.7 was
chosen as a midrange value for the ratio (Campbell and Norman,
1998) and assumed to be valid at canopy scale. Cca (mol  mol−1)
and a (mmol mol−1) are the atmospheric CO2 and H2O concentra-
tions respectively, recorded at 30-min intervals. Cci (mol  mol−1)
is the CO2 concentration in the intercellular spaces of the leaf esti-
mated by the relationship Cci/Cca = 0.6 for C3 species (Brodribb,
1996; Ehleringer and Cerling, 1995; Parolin et al., 2010) which
results in Cci values of 226 ± 6 and 225 ± 13 mol  m−2 s−1 for CAF-
NT and CAF-CT, respectively. This is comparable to the intercellular
CO2 concentration values of 221 ± 24.2 mol  m−2 s−1 for garbanzo
reported in Steduto and Albrizio (2005). s (mmol mol−1) is the sat-
urated water vapor concentration at air temperature assuming leaf
temperature is equal to air temperature.
After the half-hourly time series of T is calculated, E can be
determined by subtracting T from ET. T values were rejected if they
exceeded ET and then gap-ﬁlled using the MDV  method. Similarly,
30-min averaged E and T data were ﬁnally integrated into daily and
annual sums for further analysis of water budgets (seeSection 3.4).
2.4. Energy balance closure
An energy balance was  conducted to assess the EC ﬂux data qual-
ity. Ideally, the energy balance can be closed if each term in Eq. (5)
is accurately quantiﬁed.
Rn = H + LE + G (5)
where Rn (W m−2) is the net radiation measured by a net
radiometer, H and LE (W m−2) are sensible and latent heat ﬂuxes,
respectively. G (W m−2) is soil heat ﬂux which was  approximated
by the sum of the measured soil heat ﬂux at a depth of 0.08 m (HG)
and the heat storage term (Gs) in the surface 0–0.08 m depth. Gs is
estimated using the following continuity equation (Campbell and
Norman, 1998):
Gs =
∫
css
dTsoil
dt
dz (6)
where Tsoil (◦C) is the soil temperature measured at different depth.
css (J m−3 ◦C−1) is the volumetric heat capacity of soil that can
be calculated as a function of soil water content (SWC) and soil
bulk density (Meyers and Hollinger, 2004; Sikora and Kossowski,
1993). Soil bulk density was estimated as 1.3 g cm−3 based on
Purakayastha et al. (2008), and t (s) and z (m)  are time and depth,
respectively.
However, due to low turbulence at nighttime, energy storage
changes, and advection of energy, H + LE + G is typically smaller than
Rn as mentioned in most EC studies (Anderson and Wang, 2014;
Foken, 2008; Foken and Oncley, 1995; Kutsch et al., 2008; Mauder
and Foken, 2006; Mauder et al., 2007; Meyers and Hollinger, 2004;
Richardson et al., 2006; Velasco et al., 2010; Wilson et al., 2002).
Half-hourly time series of Rn, H, LE and G over the spring period
(March–May, 2013) at CAF-NT site were analyzed to determine
the energy balance closure. This period was selected because there
were simultaneous measurements of soil heat ﬂux, soil tempera-
ture, and soil water content, which allowed for calculating G at the
CAF-NT site.
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Table 1
Annual averages of daytime photosynthetic photon ﬂux (PPFD), air temperature
(Tair), vapor pressure deﬁcit (VPD), soil temperature (Tsoil), soil water content (SWC),
and  annual precipitation at CAF-NT and CAF-CT from October 1, 2012 to September
30,  2013.
Meteorological variable CAF-NT CAF-CT
PPFD (mol  m2 s 1)a 612 620
Tair (◦C)a 9.19 9.13
VPD  (kPa)a 0.60 0.63
Precipitation (mm)b 539 539
Tsoil at −5 cm (◦C) 10.5 –
Tsoil at −18 cm (◦C)c 10.6 13.1
Tsoil at −30 cm (◦C)c 9.9 11.8
SWC  at −5 cm (m3 m−3) 0.14 –
SWC  at −18 cm (m3 m−3)c 0.23 0.18
SWC  at −30 cm (m3 m−3)c 0.24 0.22
a Insigniﬁcant difference (p > 0.05).J. Chi et al. / Agricultural and Fore
.5. Uncertainty and statistical analysis
Sources of error related to EC measurements, such as avoiding
ow distortion by the tower, underdeveloped turbulence, lack of
tationarity, buoyancy effects, and time lag between sensors are
escribed in more detail in Waldo et al. (2016). Uncertainty anal-
ses, based on the method described by Richardson and Hollinger
2007), was applied to both CAF-NT and CAF-CT datasets to assess
he uncertainty due to random measurement errors (measure)
nd gap-ﬁlling (ﬁlled). We  performed Monte Carlo simulations
o assess the uncertainties (NEE and ET) in the annual sums of
arbon and water ﬂuxes. Random noise was added to the non
ap-ﬁlled datasets (30 min  averages), which was drawn from a
aplace (double-exponential) distribution with a standard devia-
ion reported in Richardson and Hollinger (2005). Then NLR and
DV gap-ﬁlling methods were applied to carbon and water ﬂuxes
espectively to calculate the annual sums of measurements, gap-
lled values, and annual NEE and ET. After 100 repetitions of the
bove procedures (Richardson and Hollinger, 2007; Schmidt et al.,
012), 100 sets of half-hourly carbon and water ﬂux data were gen-
rated for each site and the standard deviations of the 100 annual
arbon and water ﬂux sums were used to evaluate the effects of
andom measurement errors and gap-ﬁlling uncertainty on annual
EE and ET for each site. A paired sample t-test was applied to
est the signiﬁcant differences in annual means (degree of freedom
df) = 364) of meteorological variables and carbon and water com-
onents, and annual sums (df = 99) of NEE and ET between the two
ites, assuming data variances are equal. In all tests, a signiﬁcance
evel of 0.05 was used.
.6. Evaluation periods
The annual sums of carbon and water ﬂuxes were calculated
or the period between October 1, 2012 and September 30, 2013.
ased on Schmidt et al. (2012), the main growing season (MGS)
as deﬁned as the period of May  4–September 1, 2013 when daily
EE was less than the median of NEE time series data (0.41 and
.64 g C m−2 d−1 for CAF-NT and CAF-CT, respectively), with the
emainder of the annual period deﬁned as the off-main growing
eason (oMGS). Both the beginning and the end of the MGS  deﬁned
ere coincide with garbanzo seeding and harvest, as recorded in
ime-lapse photography which is used to monitor crop growth
tages at each site (Waldo et al., 2016).
. Results and discussion
.1. Meteorological conditions
Since CAF-NT and CAF-CT are within 0.7 km of each other, the
ifferences in the annual means of PPFD, air temperature (Tair) and
apor pressure deﬁcit (VPD) were not signiﬁcant between the two
ites (Table 1), but soil temperature and soil water content (SWC)
ere signiﬁcantly different (p < 0.05). For simplicity, only PPFD, Tair
nd VPD measured at the CAF-NT site are illustrated in Fig. 2(a),
b), and (c), while SWC  and soil temperature for both CAF-NT and
AF-CT are shown in Fig. 2(e) and (f). The average daytime PPFD was
12 mol  m−2 s−1 with the peak PPFD reaching 2200 mol  m−2 s−1
uring the summer months (May, June, July, and August). Air tem-
erature and precipitation data clearly reﬂected the typical climate
f this area: summer is usually hot and dry and most of the precip-
tation occurs during winter and spring. Therefore, high VPD and
ow SWC  values were found during the summer months due to
he dry conditions (Fig. 2(c) and (e)). Surface soil moisture varied
ith precipitation; for example, SWC  (5 cm)  increased when rain-
all events occurred in April and decreased during a dry period inb Identical precipitation data for both sites were from the same weather station.
c Signiﬁcant difference (p < 0.05).
July (Fig. 2(d) and (e)). Surface soil temperatures were warmer than
the deeper layers between April and June, but became cooler than
the deeper layers during the colder months, which can be explained
by the seasonally varied soil heat transfer directions (Fig. 2(f)).
Table 1 summarizes the annual averages of daytime PPFD,
air temperature, VPD, soil temperature and moisture, and the
annual precipitation for CAF-NT and CAF-CT. Over the measure-
ment period, both sites were slightly warmer (0.1–0.2 ◦C) than
the long-term averaged annual temperature of 9 ◦C and had about
10 mm  less precipitation than the annual records (539 vs. 550 mm).
Annual average soil temperature at CAF-CT was  2–2.5 ◦C warmer
than CAF-NT and CAF-NT SWC  was  consistently greater than CAF-
CT by 0.02–0.05 m3 m−3 at the depths of 18 and 30 cm.  SWC
measurements at the depth of 5 cm were not available at CAF-CT.
3.2. Energy balance closure and uncertainty of eddy covariance
measurements
A linear regression between the sum of sensible, latent, and
soil heat ﬂuxes (H + LE + G) and the available energy (Rn) mea-
sured at CAF-NT for the three-month period (March, April and May,
2013) shows that the slope and the intercept for the regression of
H + LE + G on Rn are 0.83 and 6.00, respectively, with an R2 of 0.95.
The 83% closure of the energy balance for CAF-NT is near the aver-
age (80%) for good ﬂux measurements using EC methods (Foken,
2008; Twine et al., 2000; Wilson et al., 2002). A portion of the gap
in the energy budget at the CAF-NT site could be accounted for if we
had measured the heat storage in the air below the measurement
height. The closure of the energy balance for CAF-CT is only 68%
due to the unavailable soil heat ﬂux measurements at that site.
During our measurement period of October 2012–September
2013, 50% of the measured ﬂux data were considered good qual-
ity data, 20% were ﬁltered out by QA/QC criteria and 30% were
lost due to technical problems. Uncertainties, NEE, due to ran-
dom measurement errors and gap-ﬁlling in the annual NEE were
±37.8 and ±38.4 g C m−2 yr−1 for CAF-NT and CAF-CT, respectively.
The gap-ﬁlling uncertainty, ﬁlled, (±37.3 and ±38.2 g C m−2 yr−1)
contributed much more compared to the random measurement
errors, measured, (±2.32 and ±2.47 g C m−2 yr−1) for CAF-NT and
CAF-CT, respectively. The random measurement errors are smaller
compared to the values reported in Richardson and Hollinger
(2007) due to the different magnitude of ﬂuxes from differing
ecosystems (agriculture vs. forest). Forest ﬂuxes are usually greater
than agricultural ﬂuxes so errors are comparatively larger for for-
est ecosystems. Uncertainties in seasonal and annual sums of
GPP, Reco, ET, E and T were also estimated for both CAF-NT and
CAF-CT (Table 2). CAF-NT and CAF-CT had similar magnitude of
42 J. Chi et al. / Agricultural and Forest Meteorology 218–219 (2016) 37–49
2500
2000
1500
1000
500
0
P
P
F
D
 
(µ
m
o
l 
m
-2
 s
-1
)
10/1/12 1/1/13 4/1/13 7/1/13 10/1/1 3
Date
40
20
0
-20
T
a
ir
(°
C
)
5
4
3
2
1
0
V
P
D
(k
P
a
)
30
20
10
0
-10
T
so
il
(°
C
)
0.3
0.2
0.1
0.0
S
W
C
(m
3
 m
-3
)
25
20
15
10
5
0
P
re
ci
p
it
a
ti
o
n
(m
m
)
 CAF-NT(5cm)
 CAF-NT(18 cm)
 CAF-NT(30 cm)
 CAF-CT(18 cm)
 CAF-CT(30 cm)
(a)
(b)
(c)
(d)
(e)
(f)
Fig. 2. Meteorological measurements from October 1, 2012 to September 30, 2013. (a) Photosynthetic photon ﬂux density (PPFD), (b) air temperature (Tair), (c) vapor pressure
deﬁcit  (VPD) measured at CAF-NT are presented in 30-min (gray lines) and daily averages (black lines); (d) precipitation (mm) obtained from National Climatic Data Center
are  daily sums; (e) soil water content (SWC) and (f) soil temperature (Tsoil) measured at different depths are shown as daily mean values for both CAF-NT and CAF-CT.
Table 2
Annual, main growing season (MGS), and off-main growing season (oMGS) statistics of carbon ﬂuxes (net ecosystem exchange of CO2 (NEE), gross primary productivity
(GPP),  and total ecosystem respiration (Reco)), water ﬂuxes (evapotranspiration (ET), transpiration (T) and evaporation (E)), export of harvest material (EXP), import carbon
content (IMP), and net ecosystem carbon balance (NECB) at CAF-NT and CAF-CT from October 1, 2012 to September 30, 2013.
Annuala MGSa MGSa
CAF-NT CAF-CT CAF-NT CAF-CT CAF-NT CAF-CT
Carbonb NEE Mean −0.06(±2.33) 0.32(±1.81) −2.26(±2.60) −1.08(±2.22) 1.04(±1.08) 1.02(±1.00)
Max  −7.76 −6.03 −7.76 −6.03 −0.73 −0.80
Sum  −20(±38)*** 117(±39)*** −274(±35) −131(±37) 254(±17) 248(±13)
GPP Mean −2.33(±2.95) −2.32(±2.57) −5.39(±3.32) −5.12(±2.50) −0.82(±1.05) −0.94(±0.99)
Max  −12.6 −12.7 −12.6 −12.7 −3.56 −5.26
Sum  −851(±41) −848(±49) −652(±39) −619(±43) −199(±18) −229(±16)
Reco Mean 2.28(±1.25) 2.64(±1.66) 3.13(±1.19) 4.04(±1.66) 1.86(±1.05) 1.96(±1.15)
Max  6.56 9.94 6.55 9.94 6.56 6.80
Sum 831(±32) 965(±25) 378(±29) 488(±18) 453(±10) 477(±12)
Waterb ET Mean 1.16(±1.07) 1.14(±0.83) 2.12(±1.32) 1.77(±1.02) 0.69(±0.39) 0.83(±0.48)
Max  5.72 4.45 5.72 4.45 2.13 3.18
Sum 425(±2)† 416(±2)† 257(±2) 214(±2) 167(±2) 202(±1)
T Mean 0.47(±0.96) 0.37(±0.69) 1.30(±1.33) 0.96(±0.93) 0.06(±0.09) 0.08(±0.12)
Max  5.42 3.83 5.42 3.83 0.58 0.67
Sum 114(±5) 91(±4) 100(±5) 75(±3) 14(±1) 16(±1)
E Mean  0.69(±0.44) 0.77(±0.47) 0.82(±0.54) 0.81(±0.48) 0.6(±0.37) 0.75(±0.47)
Max  2.44 3.10 2.44 2.33 2.05 3.10
Sum 310(±5) 325(±4) 157(±5) 139(±4) 153(±2) 186(±2)
Biomass EXP  60(±33) 69(±28)
IMP 7.56(±0.03) 7.56(±0.03)
NECB −32(±50) −178(±48)
a Annual is October 1, 2012–September 30, 2013; the main growing season (MGS) is May  4–September 1, 2013; the remaining periods are the off-main growing season
(oMGS).
b Carbon ﬂux units for mean, max  and sum are g C m−2 d−1, g C m−2 d−1, and g C m−2, respectively. Water ﬂux units for mean, max  and sum are mm d−1,  mm d−1 and mm,
respectively. Numbers in parentheses represent standard deviation from the mean, or uncertainty in annual and seasonal sums.
*** Signiﬁcant difference (p < 0.05).
† Insigniﬁcant difference (p > 0.05).
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Dig. 3. Daily integrated gross primary productivity, GPP (a), net ecosystem exchang
gray)  from October 1, 2012 to September 30, 2013. Gray area represents the main 
ncertainties, probably due to the nearly identical site character-
stics. At a ﬂatter and drier site in the iPNW, Waldo et al. (2016)
eported a smaller uncertainty using the same method.
.3. Carbon budgets
Partitioning of NEE into GPP and Reco provides a diagnostic about
hich process (photosynthesis or respiration) was  dominant and
ad more inﬂuence on the carbon budgets at each site. The daily
ntegrated carbon ﬂuxes (GPP, NEE and Reco) showed expected
easonality, with large magnitude during the main growing sea-
on (MGS) and lower ﬂuxes during the off-main growing season
oMGS) (Fig. 3). During the period of October–December 2012, NEE
alues were positive as a consequence of little plant growth (GPP
lose to zero, Fig. 3(a)) and high Reco at both sites (1–7 g C m−2 d−1)
ssociated with the decomposition of wheat stubble left at CAF-
T and CAF-CT (Fig. 3(b) and (c)). Reco was higher at the beginning
f the oMGS (October–November, 2012) compared to the end of
he oMGS, which was also likely due to ﬁrst substantial rains fol-
owing a drought summer (Fig. 2(d), precipitation data for summer
012 not shown here), which stimulated soil microbial activities
Fisher and Whitford, 1995). Starting from mid-December 2012,
eco decreased to 0–3 g C m−2 d−1 and there was also very little plant
ctivity and residue decomposition, resulting in low NEE values (−1
o 3 g C m−2 d−1) for both sites during the remainder of the oMGS.
uring the MGS, NEE ﬂuxes increased rapidly primarily as a result ofO2, NEE (b), and total ecosystem respiration, Reco (c) at CAF-NT (black) and CAF-CT
ng season.
increasing GPP starting in late May  when crop emergence occurred
(Fig. 3(a)). Weeds were seen in the timelapse photos (not shown) at
both sites throughout the measurement period, so GPP values were
slightly higher than zero before garbanzo emergence and after har-
vest. As expected, the total ecosystem respiration dominated dur-
ing the oMGS when the weather was cold and the leaf area was low;
while photosynthesis was the dominant process during the MGS.
Table 2 shows annual and seasonal statistics of carbon ﬂuxes
at each site. The annual means of NEE and Reco at each site were
signiﬁcantly different (p < 0.05), while there is no signiﬁcant
difference in the annual means of GPP for each site. During the
MGS, CAF-NT had a more negative average GPP (−5.39 g C m−2 d−1)
and NEE (−2.26 g C m−2 d−1), as well as a smaller average Reco
(3.13 gCm−2d−1) compared to CAF-CT (GPP = −5.12 g C m−2 d−1,
NEE = −1.08 g C m−2 d−1, Reco = 4.04 g C m−2 d−1). Again, negative
GPP values indicate carbon uptake from the atmosphere to the
surface. There were also subtle differences at speciﬁc times; for
example, GPP was greater at CAF-CT than CAF-NT in May, which
was most likely due to more carbon uptake by weeds at CAF-CT
compared to CAF-NT before emergence of garbanzo crops. From
early May  to mid-June, Reco was  greater at CAF-CT than CAF-NT,
potentially caused by the higher soil temperature in the darker
soils as a result of conventional tillage operations. During this
early growth stage, the dominant respiration was heterotrophic
respiration and weed respiration. So the higher soil temperature
at CAF-CT could have increased weed respiration, as well as
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Fig. 4. Annual cumulative gross primary productivity, GPP  (a), net ecosystem
exchange of CO2, NEE (b), total ecosystem respiration, Reco (c) at CAF-NT (black) and4 J. Chi et al. / Agricultural and Fore
icrobial activities in the soil and thus heterotrophic respiration,
hich was also found by Kocyigit and Rice (2011) and Aziz et al.
2013). Starting in mid-June, carbon uptake at both agricultural
ites increased quickly within a short period of two  weeks. From
une 25 to August 16, GPP at CAF-NT was consistently larger than
AF-CT by a factor of 1.4 on average. Maximum GPP at each site was
12.6 g C m−2 d−1 for CAF-NT and −12.7 g C m−2 d−1 for CAF-CT
n July 2013. After the harvest of spring garbanzos in September,
PP decreased and eventually remained close to zero. Overall, the
ifference between annual averaged GPP values for these two sites
as only 0.01 g C m−2 d−1 (Table 2), indicating that both sites had
n average similar carbon uptake rates over this one-year mea-
urement period. The MGS-integrated GPP at CAF-NT and CAF-CT
iffered by 33 g C m−2 (−652 ± 39 vs. −619 ± 43 g C m−2), and we
ypothesize that the lower SWC  at CAF-CT may  have contributed
o the slightly lower GPP during the dry MGS, especially in July
hen there was no precipitation and crops were still actively
hotosynthesizing (Table 1, Figs. 2(d), and 3(a)).
Differences in annual mean GPP between the two sites were
ot signiﬁcant, while differences in annual mean Reco were signif-
cant (p < 0.05), with averages of 2.28 g C m−2 d−1 for CAF-NT and
.64 g C m−2 d−1 for CAF-CT, (Table 2). Respiration of CAF-CT was
uch more active than CAF-NT during the early growing stage,
n particular after CAF-CT was cultivated with harrow to a depth
f 0.05–0.08 m on May  2, 2013 (Fig. 3(c)). This tillage disturbance
an break down soil aggregates, increase the soil-residue contact,
mprove inﬁltration and soil aeration, and eventually create favor-
ble conditions for microbial activities (Aziz et al., 2013; Feiziene
t al., 2011; Hu et al., 2013). A sharp increase in Reco right after
illage at CAF-CT could also be due to greater physical CO2 emissions
rom soil pores and solution, which was also found by Reicosky
nd Lindstrom (1993) and Al-Kaisi and Yin (2005). Reco at CAF-NT
rimarily varied with air temperature rather than rainfall events.
eterotrophic respiration sensitivity to soil moisture or rainfall was
sually lower under the no-till condition compared to the con-
entional tillage practice, because water percolation was improved
ith conventional tillage practice as interpreted by La Scala et al.
2006). In addition, the soils at CAF-CT were consistently drier than
AF-NT throughout the measurement period, so the addition of soil
oisture due to rainfall most likely stimulated microbial activities
nd root respiration under the dry soil condition at CAF-CT (Ma
t al., 2012). Thus, Reco pulses at CAF-CT correlated with rainfall
vents, while Reco at CAF-NT was less impacted by rainfall events. In
ddition to the impacts of rainfall on Reco, the higher Reco at CAF-CT
han CAF-NT was  also probably due to the higher bulk density and
he residue left at CAF-NT serving as a barrier or protective cover
imiting CO2 emissions from the soil to the atmosphere (Al-Kaisi
nd Yin, 2005; Regina and Alakukku, 2010). Reco during the oMGS
s mainly a product of decomposition of SOC and crop residue. Dur-
ng the oMGS, Reco at CAF-NT was 24 g C m−2 lower than CAF-CT
Table 2), because SOC and crop residue at CAF-NT was  less avail-
ble to microbial attack and subject to edaphic controls that slowed
ates of carbon decomposition due to low soil disturbance (Al-Kaisi
nd Yin, 2005; Chavez et al., 2009; de Campos et al., 2011; Paustian
t al., 1997; Sainju et al., 2010); therefore the difference in het-
rotrophic respiration as a function of tillage practices resulted in
ery distinct Reco terms at each site.
The differences in carbon budgets between CAF-NT and CAF-CT
an be clearly seen in the annual and seasonal cumulative GPP, NEE
nd Reco (Fig. 4). Throughout the period of October 2012–September
013, CAF-NT was close to CO2 neutral with an annual NEE of
20 ± 38 g C m−2 and CAF-CT was a CO2 source to the atmosphere
117 ± 39 g C m−2) (Fig. 4(b), and Table 2). Our results showed that
et carbon accumulation (annual cumulative NEE) at CAF-NT was
reater by 137 g C m−2 compared to CAF-CT during the measure-
ent period, a signiﬁcant difference (p < 0.05). The MGS  cumulativeCAF-CT (gray) from October 1, 2012 to September 30, 2013. Gray area represents
the  main growing season.
NEE at CAF-NT (−274 ± 35 g C m−2) was also greater than CAF-CT
(−131 ± 37 g C m−2), with a difference of 143 g C m−2 (Table 2).
Fig. 4(a) shows the annual cumulative GPP for these two  sites
with an annual sum of −851 ± 41 g C m−2 and −848 ± 49 g C m−2
for CAF-NT and CAF-CT, respectively. The difference in annual
GPP (3 g C m−2) between the two sites is minimal and is due to
the fact that meteorological conditions were very similar and that
crop rotations were identical during 2012 and 2013. Compared to
CAF-CT, the cumulative Reco at CAF-NT was  slightly higher from
November 2012 to April 2013 (oMGS) but it became lower while
entering the MGS  in May  2013 (Fig. 4(c)). So the difference in annual
Reco values between the two  sites was  mainly due to the increased
Reco at CAF-CT during the MGS  of May–September 2013 when the
cumulative Reco at CAF-CT was 110 g C m−2 greater than CAF-NT
(Table 2). As CAF-NT retained the light yellow wheat chaff/residue
as a result of no-till practices, while the residue was  turned over
at CAF-CT, exposing darker brown soil, the difference in the MGS
cumulative Reco was attributed to the higher surface soil temper-
atures associated with the lower albedo at CAF-CT, compared to
CAF-NT. However, the difference between the cumulative Reco at
each site was less during the oMGS, 453 ± 10 vs. 477 ± 12 g C m−2.
In summary, Reco differences between the two  sites were much
greater compared to differences for GPP, and Reco was  the largest
contributor (97.8%) to differences in the carbon budgets between
sites during the period of October 2012–September 2013. In other
words, given the fact that crop species were identical and our
assumption that local meteorological conditions did not differ
much, the soil conditions affected by different tillage practices had
an important and quantiﬁable impact on the differing carbon bud-
gets of these two  agricultural ecosystems over the measurement
period.
Carbon content in aboveground biomass and total biomass was
obtained from the pre-harvest aboveground biomass samples and
corrected based on the method described by Baret et al. (1992) that
underground biomass account for 12% of total biomass. CAF-NT
total biomass carbon was  111 ± 28, 156 ± 44 and 271 ± 71 g C m−2
on July 15, July 30 and August 30 of 2013, respectively; and
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AF-CT was 98 ± 11, 184 ± 30, and 168 ± 12 g C m−2 for the same
ime periods. The main uncertainty in biomass carbon content was
robably caused by crop heterogeneity and slightly different phe-
ology between the two sites. As the crops started to senesce and
pproach maturity, we speculated that there was probably more
eaf abscission at CAF-CT, while senescence might be delayed under
he no-till condition. According to Moureaux et al. (2008), net pri-
ary productivity (NPP) was estimated by using the total biomass
arbon data, and since Rh = NPP − NEE, the difference between
iomass-estimated NPP and NEE is the heterotrophic respiration
Rh) and any other losses of carbon from the biomass (Waldo et al.,
016). Since autotrophic respiration (Ra) is the difference between
PP and NPP, both Ra and Rh were estimated for CAF-NT and
AF-CT. Compared to Rh, Ra was the dominant respiration term at
oth sites during the MGS, on average accounting for 76% and 69%
f Reco for CAF-NT and CAF-CT, respectively. On average, CAF-CT
lso had higher Ra and Rh than CAF-NT during the MGS.
The export of harvest material (EXP) was 60 ± 33 and
9 ± 28 g C m−2 for CAF-NT and CAF-CT, respectively. Since the
eeding rate was consistent across both sites at 168 kg ha−1
16.8 g m−2) and the grain carbon content was 45.0 ± 0.2%, the car-
on input (IMP) through seeding spring garbanzo was estimated as
.56 ± 0.03 g C m−2 at both sites. According to Chapin et al. (2006)
nd assuming other carbon components (e.g. carbon monoxide,
ethane, volatile organic carbon and dissolved carbon) are neg-
igible (Waldo et al., 2016), the net ecosystem carbon balance
NECB≈-NEE + IMP-EXP) was −32 ± 50 and −178 ± 48 g C m−2 for
AF-NT and CAF-CT, respectively, which indicates CAF-CT had more
arbon loss the atmosphere than CAF-NT.
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3.4. Water budgets
Fig. 5 shows the daily ET, E and T results for CAF-NT and CAF-CT
throughout the measurement period with large water ﬂuxes during
the MGS  and low ﬂux values during the oMGS. Daily transpiration
(T) was  typically close to zero during the oMGS when the sites were
bare (Fig. 5(a)). As a result, evaporation (E) was the dominant path-
way for water transport from the surface to the atmosphere during
the oMGS (Fig. 5(c)). The amount of water partitioned into evapo-
ration was not utilized for crop growth in agricultural ecosystems
during the oMGS and over the rainfall events during the MGS  (i.e.
late June) (Kool et al., 2014; Scott et al., 2006). During the MGS, fre-
quent rainfall events occurred in April and two major rainfall events
occurred in late-May and late-June respectively (Fig. 2(d)), resulting
in sudden increases in both surface soil water content and evapo-
ration during these periods (Fig. 5(c)). Similarly, during the ﬁrst 20
days of June where there was  no rainfall, surface soil water content
and evaporation were low, but during the last week in June con-
tinuous rainfall resulted in higher evaporation rates and increased
surface soil water content. As the crops rapidly grew in July dur-
ing the dry period of the MGS, transpiration became the dominant
form of evapotranspiration. Partitioning results for daily transpira-
tion and evaporation can also be expressed by the fraction of the
partitioned ﬂux (ratios of T/ET and E/ET) to the total ET ﬂux (Fig. 6).
The ratio of T/ET ranged from ∼3% during the oMGS to ∼70% when
crops were rapidly growing and reaching maturity, which is compa-
rable to other studies reporting T/ET and E/ET ratios over croplands
of wheat, corn and soybean (e.g. Chen et al., 2010; Fan et al., 2013;
Kang et al., 2003; Zhang et al., 2011). Each individual rainfall event
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The maximum evapotranspiration rates occurred in July and
were 5.72 mm d−1 and 4.45 mm  d−1 for CAF-NT and CAF-CT, respec-
tively (Table 2). The annual mean ET for CAF-NT and CAF-CT was
1.16 and 1.14 mm d−1, respectively, which are not signiﬁcantly
different. CAF-CT had greater annual mean E (0.77 vs. 0.69 mm d−1)
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ut lower annual mean T (0.37 vs. 0.47 mm d−1) compared to CAF-
T. The annual mean E at each site was signiﬁcantly different from
ach other (p < 0.05). Greater E at CAF-CT suggests that more water
apor was released and transferred into the atmosphere especially
uring the oMGS due to the bare soil conditions at CAF-CT, while
AF-NT had a crop residue layer serving as a protective cover
r a barrier to limit soil evaporation (Cornish and Pratley, 1991;
alado-Navarro and Sinclair, 2009; Van Wie  et al., 2013). Focusing
n transpiration rates only, CAF-NT had higher rates than CAF-CT,
specially during the MGS, which corresponded with the stronger
lant growth, or higher GPP at CAF-NT.
Annual cumulative water ﬂuxes of ET, E and T are shown in Fig. 7.
rom October 2012 to April 2013, cumulative T at each site was near
ero, thus the higher ET at CAF-CT was due to greater E. During the
GS, T increased rapidly and ultimately resulted in a greater annual
ranspiration difference of 23 mm between CAF-NT and CAF-CT
Fig. 7(a)), matching the higher GPP at CAF-NT during the MGS.
lso because T increased more quickly at CAF-NT than CAF-CT dur-
ng the MGS, the curves of cumulative ET approached each other
n August. The cumulative E was comparable between both sites
rom October 2012 to February 2013, at which point cumulative
 increased more rapidly at CAF-CT due to the strong soil evapo-
ation compared to CAF-NT (Fig. 7(c)). As a result, the annual ET
alues did not vary much between sites, with a small difference of
 mm (Table 2).
.5. Relationships between carbon and water ﬂuxes
Relationships between carbon and water ﬂuxes in these two
gricultural ecosystems are shown in Fig. 8. Correlations between
PP and T over the MGS  illustrate water use efﬁciency at the canopy
cale, while NEE vs. ET indicates ecosystem water use efﬁciency
hroughout the annual period (Scanlon and Sahu, 2008; Scott et al.,
006). Correlations between Reco and E over the oMGS period show
he relationship between CO2 and H2O ﬂuxes as a function of soil
O2 emissions and evaporation, since during the oMGS, Reco and E
ere primarily a result of soil activities. High correlations existed
R2 > 0.5) in GPP vs. T and NEE vs. ET for CAF-NT and CAF-CT. GPP
nd T both reﬂect plant growth, so they had similar responses in
ime (Figs. 3(a) and 5(a)). However, respiration and evaporation
id not correlate well at each site, with relatively lower R2 values
f 0.12 and 0.004 for CAF-NT and CAF-CT, respectively. Water par-
itioned into evaporation was above ground and within the upper
oil layers, while Reco occurred in the plants and throughout the soil
olumn, therefore the amount of water partitioned into evapora-
ion was not exactly associated with the water that enhanced Reco.
lso as discussed before, the rain events following a drought period
ikely stimulated soil microbial activity, for example an increase
n the respiration term during the period of October−December,
012. However, rainfall events may  also suppress CO2 release from
oil by decreasing the diffusive conductance of CO2 in the soil as
ater inﬁltrates the surface soil immediately after rainfall, espe-
ially when temperatures are low (Conant et al., 2004). For example,
n early November of 2012, Reco at CAF-CT was low and even lower
han the CAF-NT site during those several rainfall events. Therefore,
eco and E were less correlated and had more unrelated responses
n time at both sites.
. Summary and conclusions
Continuous measurements of carbon and water ﬂuxes were col-
ected from two close, yet distinct, experimental sites. Carbon and
ater budgets for each site (garbanzo ﬁeld, one under no-till and
ne under conventional tillage) were analyzed and compared using
ne full year (October 2012–September 2013) of gap-ﬁlled CO2 andeorology 218–219 (2016) 37–49 47
H2O ﬂux data, as well as meteorological and biomass data. NEE was
partitioned into GPP and Reco, and ET was partitioned into T and E
for an in-depth analysis and comparison of the different carbon and
water components at each site.
During the period of October 2012–September 2013, the annual
cumulative NEE, GPP, and Reco at CAF-NT was −20 ± 38, −851 ± 41,
and 831 ± 32 g C m−2, compared with the annual cumulative car-
bon ﬂuxes at CAF-CT (117 ± 39, −848 ± 49, and 965 ± 25 g C m−2),
respectively. CAF-NT was a net CO2 source from October 1, 2012 to
July 20, 2013, at which point the crops reached their highest carbon
uptake rate, and CAF-NT became CO2 neutral throughout the end
of the measurement period. CAF-CT was  a CO2 source throughout
the entire measurement period due to higher Reco and lower GPP
during the MGS  of 2013. When taking the lateral carbon transfer
of seeding and harvest into consideration, the net rates of car-
bon loss from each ecosystem to the atmosphere were 32 ± 50 and
178 ± 48 g C m−2 for CAF-NT and CAF-CT, respectively, indicating
CAF-NT was close to carbon neutral and CAF-CT was a net carbon
source during the measurement period.
Analysis of water budgets shows the annual cumulative ET, E
and T of CAF-NT as 425 ± 2, 310 ± 5 and 114 ± 5 mm,  respectively;
and of CAF-CT as 416 ± 2, 325 ± 4 and 91 ± 4 mm,  respectively. As
the MGS  progressed, plant transpiration began to dominate as indi-
cated by increasing T/ET ratios. In general, transpiration increased
while evaporation declined several days after most rainfall events.
During the MGS, CAF-NT had higher ET primarily due to the higher
T values compared to CAF-CT. However, higher ET was  seen at CAF-
CT during the oMGS when evaporation was greater due to the bare
soil conditions while CAF-NT had a crop residue layer.
In summary, the results presented here investigate the impacts
of different tillage practices on carbon and water budgets in two
agricultural ecosystems for one year. With respect to Reco, differ-
ences were seen between the two sites, while GPP was  almost
identical between the two  sites, over one year of measurements.
There was also a general trend that under conventional tillage,
Reco responded more intensely to rainfall events compared to no-
till. Under no-till management, the crop residue layer and the
soil structure reduced evaporation when the ﬁeld was bare, com-
pared to conventional tillage management. The no-till site was
close to carbon neutral while the conventional tillage site was  a
net carbon source. Correlations between carbon and water com-
ponents (i.e. GPP vs. T and NEE vs. ET) existed at both sites, but
were higher at CAF-NT than CAF-CT. Although interactions between
carbon and water are highly complex, we hypothesize this differ-
ence in correlation is related to soil disturbance, or management
practices. In other words, more disturbed soil due to conventional
tillage practices tends to break the carbon water connections in an
ecosystem.
This ﬁrst year of analysis indicates that an intact crop residue
layer and soil structure result in reduced CO2 emissions from agri-
cultural ecosystems. No-till beneﬁts in greenhouse gas mitigation
and long term carbon storage need to be conﬁrmed over multiple
years of measurements with crop rotations. Further studies are nec-
essary in order to provide further insights into the possible beneﬁts
of no-till practices as a potential greenhouse gas mitigation strat-
egy in the iPNW region. Continuing monitoring at these and other
paired sites will provide additional information. Lastly, compar-
isons among different cropping systems (i.e., fallow, irrigation) are
necessary in order to determine the best management practices for
sustainable agriculture for the iPNW region in the future.Acknowledgments
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